OBJECTIVES: The objective of this study was to compare the early outcomes of off-pump and on-pump surgeries in high-risk patient groups.
INTRODUCTION
Several recent large, randomized studies show that, while off-pump and on-pump coronary bypass surgeries can be performed with similarly low 30-day mortality and morbidity [1] [2] [3] , off-pump surgery may lead to inferior revascularization through a reduction in the number and/or quality of bypass grafts [1, 2] , which is associated with increased adverse cardiovascular events in later followup [4] . It has been suggested that low-risk patients may have worse overall outcomes with off-pump surgery [5] , and that the particular value of off-pump surgery is for patients with an increased risk of early postoperative morbidity who may gain most from the reduction in postoperative complications reported with off-pump approaches [5] [6] [7] . This study was therefore designed to determine whether a reduction in adverse postoperative outcomes could be observed in specific high-risk patient groups undergoing off-pump compared with on-pump coronary bypass surgery, using data from the Nationwide Inpatient Sample (NIS).
MATERIALS AND METHODS

Data source
Patients who underwent isolated coronary artery bypass grafting (CABG) between 2005 and 2010 were identified using the NIS. The NIS is the largest publicly available database of inpatient hospital care in the USA and is sponsored by the Agency for Healthcare Research and Quality. The database contains information from over 8 million inpatient stays per year from over 1000 hospitals across the country representing over 40 states. Each record in the database represents an inpatient stay and includes both clinical and non-clinical information, such as patient demographics, principal and secondary diagnoses, procedures, discharge status and charges. Diagnoses and procedures are coded according to the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM).
Patient selection
The study cohort consisted of 257 145 patients who underwent CABG from 2005 to 2010. Patients were identified from the NIS using the ICD-9-CM procedure codes for CABG (36.10, 36.11, 36.12, 36.13, 36.14 and 36.15). Patients who underwent concomitant cardiac surgery (including procedure codes 35.20-28 and 35. [11] [12] [13] [14] or aortic replacement (38.45) were excluded. Patients who underwent on-pump coronary artery bypass were identified using the procedure codes 39.61 (extracorporeal circulation auxiliary to open heart surgery) or 39.66 ( percutaneous cardiopulmonary bypass). Patients who lacked these procedure codes were assumed to have undergone off-pump coronary artery bypass. The baseline patient characteristics that we assessed are listed in Table 1 . The ICD-9 diagnosis codes used to define these comorbidities, based on the Agency for Healthcare Research and Quality comorbid disease categories [8] , are provided in Supplementary Table 1 .
Statistical analysis
A total of 83 914 patients were included in one or more of five high-risk groups based on the presence of (i) age ≥80 years, (ii) chronic obstructive airways disease, (iii) renal failure requiring dialysis, (iv) peripheral vascular disease and (v) aortic atherosclerosis. Within each group, postoperative outcomes were compared according to whether patients underwent off-pump or on-pump coronary bypass surgery. The primary outcome was in-hospital mortality, and secondary outcomes included postoperative stroke, acute renal failure (with or without need for subsequent haemodialysis), mediastinitis, respiratory failure, length of stay and total charges. For each subgroup, we controlled for imbalances in baseline characteristics between off-pump and on-pump patients by performing propensity-score matching. A propensity score for each inpatient stay was calculated using a non-parsimonious multivariate logistic regression model that predicted the likelihood of off-pump coronary bypass surgery based on the patient characteristics listed in Table 1 . Off-pump patients were paired with on-pump patients with similar propensity scores according to a 1-to-1 scheme without replacement. Patients were deemed similar enough to be paired if the difference between their propensity scores was <0.15 units of the standard deviation of the logit of the propensity score of the off-pump patient (i.e. the calliper was set to 0.15). Propensityscore models were evaluated using Hansen and Bowers overall balance statistic χ 2 . All analyses were performed with SPSS Statistics for Windows, Version 21 (IBM Corporation, Armonk, New York, USA), using a custom dialogue file written by Felix Thoemmes. Preoperative data were missing in <0.5% and, in the case of age, were imputed by replacing the missing variable with the overall variable mean. Cases who had missing outcome data were excluded from the analysis of these particular outcomes.
Univariate analysis of outcomes between the off-pump and on-pump techniques was performed for each matched subgroup, using the McNemer test for categorical variables and paired t-test for continuous variables. Multivariate analysis was performed using binary logistic regression using the same aforementioned patient demographics and comorbidities as covariates (excluding comorbidities when they were used to define the subgroup). Results are demonstrated as odds ratio (OR) and 95% confidence interval (95% CI). A P-value of <0.05 was considered to be statistically significant.
RESULTS
National trends in off-pump surgery
Of the 257 145 patients who underwent CABG over the study period from 2005 to 2010, 27.1% (n = 69 779) had off-pump revascularization. The patient baseline characteristics according to off-pump or on-pump use are listed in Table 1 .The distribution of comorbidities was similar between the on-and off-pump groups. The strongest independent predictors of off-pump use were the presence of aortic atherosclerosis (OR 1.37, 95% CI (Table 2) .
Operative outcomes
The mean number of bypass grafts performed in patients undergoing off-pump surgery (3.0 ± 1.1) was significantly lower than that in patients who underwent on-pump surgery (3.4 ± 1.0), P < 0.001. After propensity-score matching, there were no significant differences in preoperative characteristics between off-pump and on-pump patients in any of the five subgroups. Postoperative outcomes within each high-risk subgroup are shown in Tables 3-7 . There was no significant difference in operative mortality between on-and off-pump surgeries in any of the high-risk patient groups. Off-pump surgery was associated with a significant reduction in stroke rates compared with on-pump surgery in patients ≥80 years (OR 0.70, 95% CI 0.52-0.93, P = 0.015), those with peripheral vascular disease (OR 0.53, 95% CI 0.37-0.77, P = 0.001) and those with aortic atherosclerosis (OR 0.30, 95% CI 0.13-0.72, P = 0.007). In these high-risk subgroups, off-pump surgery was associated with an absolute risk reduction in stroke rates of 0.5, 0.5 and 1.2%, respectively: the minimum number needed to treat (NNT) to prevent one stroke is 200 patients. The incidence of postoperative respiratory failure was lower with off-pump compared with on-pump surgery in patients with aortic atherosclerosis (OR 0.74, 95% CI 0.57-0.97, P = 0.028), NNT = 43. The incidence of postoperative renal failure was not impacted by the use of off-pump surgery in any subgroup, and length of hospital stay was not different in any group.
DISCUSSION
The main finding of this study is that off-pump surgery offers a small reduction in the risk of postoperative stroke in high-risk Before match: 3096 on-pump, 1423 off-pump (n = 4519). After match: 1373 on-pump, 1373 off-pump (n = 2746).
Hansen and Bowers overall balance test χ 2 = 0.998. OR: odds ratio; CI: confidence interval. patient subgroups, without affecting early postoperative mortality. The number of high-risk patients who would need to undergo off-pump rather than on-pump surgery to prevent one stroke is approximately 200.
Rationale for off-pump surgery
On-pump CABG utilizes cardiopulmonary bypass to facilitate precise coronary anastomosis in an arrested heart, with a bloodless field. Off-pump coronary surgery avoids some of the deleterious effects of cardiopulmonary bypass and aortic manipulation, but the clinical benefits of this technique remain controversial. Large registry studies consistently report a reduction in early mortality and morbidity with off-pump surgery [9, 10] , but this may be associated with reduced event-free mid-term survival due to increased repeat revascularization rates [9] . Large randomized trials have reported reductions in postoperative complications such as blood transfusion, reoperation for bleeding and respiratory failure with off-pump surgery, but have not confirmed the reduction in mortality or stroke reported in observational studies [1] [2] [3] . Notably, two of the most recent randomized trials revealed worse early and mid-term outcomes with off-pump techniques, primarily related to decreased quality of revascularization [1, 2] . The outcomes of meta-analyses have been mixed, most concluding that operative mortality and stroke rates are not significantly different between on-and off-pump surgeries [11] [12] [13] . There are several reasons for the differences in findings between these randomized and observational studies. The randomized studies provide an opportunity to compare precise end-points without treatment biases in a carefully selected patient and provider population; whereas the large cohorts in observational studies provide greater statistical power and a 'real-world' view, but with limited ability to control for multiple confounding variables. Our finding that off-pump surgery was associated with a small reduction in postoperative morbidity in high-risk patients, with no difference in operative mortality, is consistent with randomized studies that have also focused on higherrisk patient groups [1, 3] , as is our finding that on average, fewer bypass grafts were performed in each off-pump case.
These findings have led to suggestions that the main benefit of off-pump surgery is gained by high-risk patients, in whom reduced major postoperative morbidity may outweigh the disadvantages of incomplete revascularization [3, 14] . In their retrospective analysis of 2468 patients, Marui et al. [14] showed a significant reduction in stroke risk (OR 8.30, 95% CI 2.25-30.7, P < 0.01) with off-pump surgery in patients with an EuroSCORE ≥6%, without any difference in operative mortality or mid-term survival. A similar benefit in high-risk populations was reported in Li et al.'s [15] analysis of Californian state-wide registry data.
Implications for clinical practice
The small absolute difference in stroke rates between on-and off-pump patient cohorts in our study may reflect the very low uptake of the 'no-touch' aortic technique among surgeons using off-pump approaches in North America, most of whom still partially clamp the aorta in order to perform proximal vein graft anastomoses. There are several studies showing reduced stroke rates with a 'no-touch' aortic technique [16] , and it is possible that this technique should be the strategy of choice in patients at higher risk of stroke. An additional reason for the small absolute difference in stroke rates may be the very low stroke rates now achieved by on-pump surgery in contemporary practice as a consequence of the increasing use of single-clamp techniques [17] ; neuroprotective perioperative strategies, including soft flow arterial cannulas, epiaortic ultrasound, cerebral saturation monitoring and permissive hypertension on bypass and aggressive management of atrial fibrillation; as well as the multifactorial nature of perioperative stroke.
Study limitations
The NIS is a large, national database containing detailed demographic, clinical, and socioeconomic patient information, as well as care provider characteristics: this allows the detailed analysis of unselected contemporary clinical outcomes across a range of practice settings. There are, however, inherent limitations with using the NIS registry in this way. The first is that it is primarily an administrative dataset, which relies primarily on non-clinical personnel to code patient, provider and procedural factors using the ICD-9CM classification which, in comparison with clinical registries such as the Society of Cardiothoracic Surgeons of Great Britain and Ireland, and the Society of Thoracic Surgeons adult cardiac surgery databases, offers more comprehensive medical information covering a wide range of conditions, but also provides less-accurate data on key cardiovascular and surgical variables such as coronary anatomy or bypass techniques, times and intraoperative complications [18, 19] . The second limitation is the lack of any outcome data after the initial hospitalization, precluding the analysis of survival, late complications and graft patency. The lack of information regarding the decision to utilize on-or off-pump techniques, as well as other relevant risk factors such as aortic calcification, likely introduces important systematic confounding variables that cannot be controlled for in this analysis. For example, although aortic atherosclerosis is a baseline variable, without information on the use of preoperative computerized tomography, or intraoperative epiaortic scanning, it impossible to know the true prevalence of this risk factor, which is likely to be higher in patients selected for off-pump surgery. Finally, we are unable to control for cases who were converted from one approach to the other intraoperatively.
Conclusions
In this analysis of 83 914 high-risk patients who underwent isolated CABG in the USA, those who underwent off-pump surgery experienced a small absolute reduction in perioperative stroke rates and respiratory failure. Operative mortality was not significantly different between on-and off-pump techniques. Our study suggests that off-pump surgery offers a slight short-term advantage over on-pump surgery in high-risk patients.
